We analyze the electronic structure of the Os(0001) surface by means of firstprinciple calculations based on Fully Relativistic (FR) Density Functional Theory (DFT) and a Projector Augmented-Wave (PAW) approach. We investigate surface states and resonances analyzing their spin-orbit induced energy splitting and their spin polarization. The results are compared with previously studied surfaces Ir(111), Pt(111), and Au(111). We do not find any surface state in the gap similar to the L-gap of the (111) fcc surfaces, but find Rashba split resonances that cross the Fermi level and, as in the recently studied Ir(111) surface, have a characteristic downward dispersion. Moreover, for some selected surface states we study the spin polarization with respect to k , the wave-vector parallel to the surface. In some cases, such as the Rashba split resonances, the spin polarization shows a smooth behavior with slow rotations, in others the rotation is faster, due to mixing and anti-crossing of the states.
Introduction
Surfaces can host electronic states localized on the last few layers and the surface electronic structure is a key ingredient to predict many properties of materials. Pure surface states are usually found in the gaps of the projected band structure (PBS) [1] , while resonances can be present also within the PBS. Due to surface states, surfaces can have properties totally different from the bulk, as found e.g. in topological insulators [2] . Moreover, surfaces break inversion symmetry so that even time-reversal invariant nonmagnetic materials might have surface states with non-zero spin polarization. These states might be practically exploitable, for instance in spintronics applications, so it is important to map them. The spin polarization of surface states, together with their energy dispersion as a function of k , the wave-vector parallel to the surface, have been studied in several materials, both theoretically ( [3] - [9] ), mainly by means of Density Functional Theory (DFT), and experimentally ( [3] , [5] , [10] , [11] ), using photoelectron spectroscopy (PES) [12] , angular-and spin-resolved. The L-gap surface states of Au(111) ([3] - [8] , [10] , [11] ) are a paradigmatic example. Their main feature is a split parabolic energy dispersion, which can be interpreted as an effect of spin-orbit coupling and explained by the Rashba model [13] . The latter suggests that the average direction of the electron spin is perpendicular to the wavevector k and parallel to the surface, with opposite directions in the two energy paraboloids, a property that has been proven by experiments [5] , although in real materials the presence of the underlying atomic layers can give rise to a small spin component orthogonal to the surface.
Similar states have been studied in Ir(111) and Pt(111) surfaces ( [7] , [9] , [14] - [20] ). Passing from Au to Pt and to Ir their behavior changes: in Au(111) they are found in a PBS gap (the so called L-gap) and show a positive curvature dispersion, while in Ir(111) they hybridize with bulk states and have a characteristic negative curvature [19] . In Pt(111) their nature turns out to be trickier to characterize. At variance with Au(111) they are empty and resemble the Au(111) states away fromΓ, but close toΓ they are very close to bulk states and the predicted hybridization is quite sensitive to the technical details of the calculation [7] , [9] .
No information is instead available for Os(0001), a surface very similar to the (111) surface of Ir, Pt, and Au. This surface could have states similar to the L-gap surface states with inverted dispersion as in Ir(111) but a-priori one cannot exclude the presence of empty surface states in a gap analogous to the L-gap. An obvious difference between Os(0001) and the other surfaces is the position of the Fermi level, due to the lower atomic number, while more subtle differences could be due to the hexagonal close-packed (hcp) structure that on the third layer differs from the facecentered-cubic (fcc) surfaces.
In this paper, we present a first principle study of the Os(0001) band structure and characterize its main surface states, including the Rashba split states. We find that they have an inverted dispersion as in Ir(111), and here they cross the Fermi level. For some selected states we study in detail the spin polarization. We first use symmetry considerations to determine its direction in different high symmetry lines and points of the Brillouin Zone (BZ) then we follow, for the most interesting surface states, the direction of the spin polarization as a function of k . This spin polarization is potentially measurable in spin-resolved ARPES experiments.
The work is organized as follows: in Section 2 we present the methods and the computational parameters. In Section 3 we present the Os(0001) band structure and compare the main surface states with those of the other surfaces mentioned above. In Section 4 we discuss the magnetization density and the spin polarization of selected states. Finally, Section 5 contains our conclusions.
Method
First-principle calculations were performed by means of DFT ( [21] , [22] ) within the Local Density Approximation (LDA), with the Perdew and Zunger's [23] parameterization of the exchange and correlation energy. The Quantum ESPRESSO ( [24] , [25] ) and thermo_pw [26] packages are used. Spin-orbit coupling effects are included by using the Fully Relativistic (FR) PAW method [27] , with 5d and 6s valence electrons and 5s and 5p semicore states (Pseudopotential Os.rel-pz-spn-kjpaw_psl.1.0.0.UPF from pslibrary.1.0.0 [28] ), while Scalar Relativistic (SR) calculations are performed with the PAW Pseudopotential Os.pz-spn-kjpaw_psl.1.0.0.UPF from pslibrary.1.0.0. Calculations on the bulk system, were performed with an hcp structure at the theoretical LDA lattice constants: a = 5.135 a.u., c = 8.047 a.u. (c/a = 1.567), which are respectively 0.6% and 1.4% smaller than experiment [29] (a exp = 5.169 a.u., c exp = 8.162 a.u.). The surface has been simulated by a 24-layer slab perpendicular to the (0001) direction separated by a vacuum space of 34 a.u.. The slab crystal structure has been obtained from the bulk, with a further relaxation along the [0001] direction. The relaxations are quite small, for instance the distance between the first two layers increases of about 0.1%. The pseudo wavefunctions are expanded in a plane waves basis set with a kinetic energy cut-off of 60 Ry, while the charge density has a cut-off of 360 Ry. BZ integrations were performed using a shifted uniform Monkhorst-Pack [30] k-point mesh of 12×12×1 points for the slab and 12×12×8 points for the bulk. The presence of a Fermi surface has been dealt with by the Methfessel-Paxton method [31] with a smearing parameter σ = 0.02 Ry. With these parameters the total energy is converged within 10 −3 Ry and crystal parameters within 10 −3 . In Fig. 1a we show the first two atomic layers of the slab. The slab has a D 3d point group. In particular, the z axis, normal to the surface, is a3 rotoinversion axis, while the axes [100], [110] , and [010] in Fig. 1a are two-fold rotation axes. There are also three mirror planes, (120), (210), and (110) shown in Fig. 1a . The electronic band structure was calculated along the pathΓ −K −M −Γ (that is along theT ,T , andΣ high-symmmetry lines) of the Surface Brillouin Zone (SBZ), shown in Fig. 1b . The small point group of k is indicated in the band structure in Fig. 2 , both for the high symmetry points (Γ,K, andM ) and for the high symmetry lines (T ,T , andΣ). AtΓ,K, andM it is D 3d , D 3 , and C 2h , respectively. Along the high symmetry linesT , T , andΣ it is C 2 , C 2 , and C s , respectively. AlongT the rotation axis coincides with the x-axis, while alongT the rotation axis is the [120] axis, shown in Fig. 1b . Finally, alonḡ Σ the trace of the mirror plane of C s isΣ. The slab has more symmetry elements than the Os(0001) surface, since it has symmetry operations that exchange its two surfaces. Removing these elements, the surface point group is C 3v , while the small groups of k are C 3v , C 3 , and C s forΓ,K, andM respectively and C 1 , C 1 , and C s alongT ,T , andΣ.
Results
In this section we analyze the FR band structure of Os(0001), shown in Fig. 2 . We characterize the main surface states and compare with Au(111), Pt(111), and Ir(111) (Refs. [6] , [9] ). A list of the main surface states, their energy and symmetry, is given in Table 1 . We start our analysis from theΓ point, where we find two main gaps in the PBS. Taking the energy zero at the Fermi energy, the highest starts at 2 eV and is similar to the L-gap of the fcc surfaces. It is located higher in energy with respect to Au(111), Pt(111), and Ir(111), due to the lower number of electrons per cell. AtΓ we find a second gap, between −8 eV < E < −4 eV, approximately at the same energy as in Pt (111) and Ir(111), although a bit wider and extending up to half of theT line and along the wholeΣ line. As in Ir(111), and at variance with Au(111) and Pt(111), no surface states are found in the L-gap. Rashba-split surface states similar to the L-gap states of Au(111) are found aroundΓ near the Fermi energy and, as in Ir (111), show a characteristic negative dispersion. AtΓ there are two groups of two degenerate states, transforming as the Γ 4+ and Γ 4− representations of the D 3d group, that extend up to 0.15 −1 alongT and to 0.13 −1 alongΣ. Due to the finiteness of the slab the two surfaces are not perfectly decoupled, so the two groups of states are not exactly degenerate atΓ, although their energy splitting is very small (≈ 0.01 eV). Neglecting this splitting it is possible to fit them with two parabolas as in the Rashba model [13] :
where k is the modulus of the wave-vector parallel to the surface, m * is the effective electron mass and γ SO is the spin-orbit coupling parameter. γ SO and m * are obtained by fitting E + − E − as a function of k with a straight line and E + + E − with a parabola centered inΓ, respectively. The fit of our data, shown in eV cm [6] and γ SO = 13 × 10 −9 eV cm [9] respectively). The fitted value of m * /m = −0.140 ± 0.001, where m is the electron mass, is approximately 40% lower in modulus than in Au(111) (0.24) and Ir(111) (−0.22) [32] . AlongΣ we find m * /m = −0.146±0.002 and a γ SO parameter equal, within the error bar, to the one obtained alongT . In Fig. 4a we show the sum of charge densities of the two degenerate states at higher energy that form the L a band. The planar average of the charge density is maximum at the surface and decays toward the center of the slab. The contour plots suggest that it has mainly s character hybridized with some d states, as also confirmed by the projection on atomic wavefunctions. We find very small projections on the unoccupied 6p states. At lower energies, at theΓ point, we find a group of two two-fold degenerate states within a PBS gap, similar to the S 2 states previously studied in Au(111), Pt(111), and Ir(111) [18] . AtΓ, the S 2 states have Γ 4+ and Γ 4− symmetry, as the L states. Their energy difference is linear in k , as for Rashba split states, although with a smaller value of the spin-orbit parameter. A fit performed as above gives: γ SO = (0.288 ± 0.003) × 10 −9 eV cm and m * /m = 0.732 ± 0.005, with identical values, within the error bar, alongT andΣ. In Fig. 4b we show the charge density for the S 2a states, those with higher energy atΓ. The states are localized in the last two atomic layers.
Finally, inΓ there is another group of states, called S 13 in Fig. 2 , that was not discussed before. They appear in the relaxed surface and, atΓ, they have symmetry Γ 4+ and Γ 4− . As the L states, they are resonances, as shown by the planar average of the charge density in Fig. 4c . The contour plots, together with the analysis of the projection of the states on atomic orbitals, show that the S 13 states have mainly d character, with main projections on the second and first atomic layers.
L, S 2 , and S 13 states extend also along a portion of theT line, where they transform as the Γ 3 ⊕ Γ 4 representations of C 2 . AlongT we find other PBS gaps as well: the widest ones contain also some surface states as S 10 , that cross the Fermi level, and S 4 , at lower energies. A small energy gap, in the central part of theT line, contains the S 5 states. At variance with Au(111), Pt(111), and Ir(111) the S 10 states are inside a PBS gap, while they were hybridized with the bulk in the other surfaces.
The main states at theK point are S 3 (3 couples of empty states) and S 4 (4 couples of occupied states). S 3a have symmetry Γ 5 ⊕ Γ 6 (D 3 group), while S 3b have symmetry Γ 4 (D 3 group). The planar average and contour plots of the charge density of S 3a are shown in Fig. 4d . These states are almost entirely localized in the first two layers and derive mainly from d 3z 2 −r 2 states. A comparison with the S 3 states in Ir(111) shows that they have a similar character, although in Ir(111) they are in a PBS gap.
In the PBS gap located at −3.8 eV < E < −1.8 eV we find the S 4 states, whose charge densities are shown in Fig. 5 . They are strongly localized on the top atomic layer, with a very small contribution in the third layer for S 4a , S 4c , and S 4d . To analyze in more detail their nature, in Fig. 6 we compare the FR S 4 states with those found in the SR scheme. Fig. 2 . The left subplot shows the charge density contour plot in the yellow region in Fig. 1a , on the top atomic layer of the slab. The central subplot shows the contour plot in a plane perpendicular to the slab, whose trace is the green line in Fig. 1a . The contours are equally spaced and are indicated with different colors (red, green, and blue in increasing order of charge density). The first three atomic layers are shown. The right subplot shows the planar average of the charge density in one half of the slab. The vacuum is on the right; the x tics represent the positions of the atomic layers. In the SR case (Fig. 6a) , the S 4 states are two couples of degenerate states. AlongT (T ) each couple is made up of an even and an odd state with respect to the C 2 rotation about the x ([120]) axis. Their degeneracy is due to the localization of the states in the outermost atomic layers, not to symmetry. Only atK, the two states at higher energy are exactly degenerate and transform as the E representation of the D 3 group, while the states at lower energy have A 1 and A 2 symmetry, respectively. The former projects with similar weights on d 
and, as a result, the FR S 4 states mix both the SR states. Another consequence of the spin-orbit effects is the anti-crossing of the states S 4b and S 4c nearK (k = 1.59 −1 ). The surface states found inK extend also partly alongT but do not reachM . Near M there are three gaps in the PBS. Two of them, at 2 eV and −3.8 eV, are quite narrow, while the third one is between −7 eV < E < −6.5 eV. At variance with Au(111), Pt(111), and Ir(111) we do not find the gap that contained the Dirac-like S 8 states studied in Ref. [8] , and S 8 states are not found in Os(0001). Moreover, the gap alongΣ that contains the S 2 states extends up to theM point and includes also the S 7 surface states. The other surface states atM are, in decreasing order of energy, S 6 , S 11 , and S 12 . S 6 is empty, has symmetry Γ 3− ⊕ Γ 4− (C 2h group) and is a resonance, as can be seen from the planar average of its charge density in Fig. 4e . This state, present in Au(111) (SR) band structure, disappears when spin-orbit coupling is included (see [6] for more details). It is present also in the FR band structure of Pt(111) and Ir(111), but it is not located in a PBS gap as in the SR Au(111) surface. The charge density contours of the S 6 states in Au(111) are pretty similar to those of Os(0001), both in the top atomic layer and perpendicularly to the surface. AtM we find also the states S 11 and S 12 , that belong to the representations Γ 3+ ⊕Γ 4+ and Γ 3− ⊕Γ 4− of C 2h respectively. They are both resonances, with the main charge contribution coming from second (S 11 ) or first (S 12 ) layer. S 11 have mainly d 3z 2 −r 2 character, as shown by the contour plot in the plane perpendicular to the surface, and smaller components coming from first layer d xy and d x 2 −y 2 states. Even though we gave them the same names as the states present in the same energy region in Ir(111), S 11 and S 12 look quite different from those of Ref. [9] . S 12 has non-negligible projections on many d states of the first six layers of the slab and small projection on s states. Finally, again atM , but deeper in energy we have the S 7 states, arranged in two couples of degenerate states, with symmetry Γ 3+ ⊕ Γ 4+ and Γ 3− ⊕ Γ 4− respectively. In Fig. 4h we report the contour plots and planar average of the charge density of S 7 , which shows relevant contributions on the first, second and fourth layer. The S 7 states of Os(0001) are in a PBS gap and differ somewhat from those of Au(111). S 7 projects on many atomic wavefunctions: the main contributions come from d states of the first two layers and s states of the top layer.
Spin polarization: results and discussion
In this section we discuss the spin polarization of some of the surface states found above. The spin polarization can be obtained integrating the planar average of the magnetization density over half slab:
where the zero of z is taken at the center of the slab and L is its length along z, including vacuum. m α (z) in Eq. 2 is the planar average of the magnetization density m α kn (r) associated to the Bloch state r|Ψ knσ and is defined as:
where A is the yellow shaded region shown in Fig. 1a , and
where µ B is the Bohr magneton and σ α are the Pauli matrices. The sum over σ 1 and σ 2 is over the spin. Bulk Os and Os(0001) slab have inversion symmetry, and since Os is nonmagnetic and its Hamiltonian is time-reversal invariant, all the bands are at least two-fold degenerate. Eq. 4 must be generalized accordingly considering the sum of the contributions of the degenerate states to the magnetization. The surface breaks inversion symmetry, hence we expect the states to have a non-zero average spin polarization when integrating the sum of the two magnetization densities in half slab. Table 2 : Small groups of k at high symmetry points and high symmetry lines for the slab (central column) and a single surface (right column).
The crystal possesses other symmetries as well, like rotations (S), possibly together with fractional translations (f ). They can induce some constraint on the magnetization density, leading in some cases to a vanishing spin polarization. If (S, f ) is an operation of the small space group of k, or if it is when composed with time reversal T , the sum of the magnetization densities of degenerate states must obey the following relationship:
whereS is the proper part of S. The ± signs of Eq. 5 distinguish the operations that require T (− sign) from those that do not require it (+ sign) and are due to the fact that T reverts the sign of the magnetization. Os(0001) space group does not contain any fractional translation, so we have f = 0, and in the following we focus on the small point group of k.
In addition to its operations one can consider the magnetic point group, obtained by multiplying the small point group operations by {E, T I} (I is the inversion), since T I leaves k invariant and I is contained in the slab point group D 3d . The magnetic point groups for the high symmetry lines and points of Os(0001) slab are summed up in the central column of Table 2 . For the surface we must remove from these groups the operations that exchange the two slab surfaces, obtaining the groups listed in the right column of Table 2 .
For a group that contains T , Eq. 5 implies, using S = 1, that m(r) = −m(r), so m(r) = 0. In Os(0001) this is the case for the small point group of the time-reversal invariant k pointsΓ andM .
The states atT ,T ,Σ, andK, have instead a non-zero magnetization density. We show it in Fig. 7 on the plane xy (the yellow shaded area in Fig. 1a) for the states highlighted with green dots in Fig. 2 (a state in each line or point) .
AlongT the small magnetic point group of k , C s (C 1 ), contains T IC 2x = T σ y (σ y is the mirror plane perpendicular to x), which inserted in Eq. 5 leads to m (x, y, z) = −m (−x, y, z), m ⊥ (x, y, z) = m ⊥ (−x, y, z), and m z (x, y, z) = −m z (−x, y, z), sinceS = C 2x , the two-fold rotation about x. As an example we show the state S 4a in Fig. 7a .
AlongT the small magnetic point group of k , C s (C 1 ), has elements {E, T σΣ}, where σΣ is the mirror plane (120). Considering T σΣ in Eq. 5, we find that m has opposite signs in the two sides of the mirror σΣ, while m ⊥ and m z have the same sign, as confirmed by the state S 3a (Fig. 7b) .
AlongΣ, the small magnetic point group of k , C s (C s ), contains only the operations E and σΣ and not T or operations that require T . Considering the operation σΣ in Eq. 5 one finds that m and m z change sign in the two sides of the mirror σΣ, while m ⊥ does not, as shown by the state S 11 in Fig. 7c . Finally, at theK point the small magnetic point group of k is C 3v (C 3 ), with operations {E, C 3 , C 2 3 , T σ y , T σΣ, T σΣ }, where σΣ is the mirror plane (110). Among these, T σ y leads to m (x, y, z) = −m (−x, y, z), m ⊥ (x, y, z) = m ⊥ (−x, y, z), m z (x, y, z) = m z (−x, y, z), as alongT . C 3 and C 2 3 operations lead to a three-fold rotational symmetry for the m z component, whereas T σΣ and T σΣ lead to the mirror planes (120) and (110) for the m z component, while they impose more complex constraints on m and m ⊥ . As an example we show the state S 4a in Fig. 7d .
In Fig. 8 we show, for the same states as in Fig. 7 , the planar averages of the components of the magnetization density. The S 4a states atT andK show a magnetization that vanishes after five layers below the surface, while S 3a and S 11 have some non negligible contribution also in the center of the slab. As a consequence of the symmetries discussed above, all states have a vanishing component m (z) parallel to the high symmetry line: as a result the spin polarization lies in a plane perpendicular to the high symmetry line. The states alongΣ have also a vanishing z component, so their spin polarization has a fixed direction, parallel to the surface. Moreover, sinceK belongs both toT andT , both the components parallel toT andT must vanish, so the states atK have only a z component.
AlongT andT the spin polarization can rotate in a plane perpendicular to the high symmetry line and we investigate its rotation for a few surface states: L, S 3 , S 10 , shown in Fig. 9 , and S 4 , depicted in Fig. 10 . We start our analysis from the L states (Fig.  9 a) . Their spin polarization is mainly parallel to the surface and perpendicular to the high symmetry line, as predicted by the Rashba model, although a small component perpendicular to the surface survives alongT . The spin gets reverted when crossing thē Γ point, due to the different orientation of theM −Γ andΓ −K lines. The spin flipping is not sudden as predicted by the Rashba model, due to the residue coupling between the two surfaces that opens a small gap atΓ (Fig. 3) . Next we consider the S 3 states (Fig. 9 (b-d) ), named S 3a , S 3b , and S 3c in decreasing order of energy. They show a quite smooth behavior, with a slowly varying spin polarization along theT line, although there are some differences among them. The spin of S 3a state points outside the slab, the spins of S 3b and S 3c point towards the slab. Moreover, S 3b shows a small rotation of the spin, which points mainly along z, whereas in S 3a and S 3c the rotation is more evident: the spin is oriented mainly along z atK and ends up with a main component perpendicular to the high symmetry line.
The spin polarization of the S 10 states (Fig. 9(e-f) ) evolves more rapidly than in the S 3 states: in particular, the most rapid variations are found at about k = 1 −1 . The variations are due to the anticrossing of the two states (see Fig. 2 ).
Finally we analyze the spin polarizations of the S 4 states (Fig. 10) , that vary rapidly with k and show a quite complex behavior. Due to symmetry, the m ⊥ component must vanish atK, whereas m z is not influenced by symmetry. The most regular evolution is shown by S 4d , for which the m z component is almost constant and always negative; instead the other states show more evident rotations of the spin, which spans a wide range of different configurations in a quite small region of the high symmetry line. In particular, the S 4b and S 4c states show a quite abrupt variation of m z around k = 1.59 −1 . As for the S 10 states, this behavior can be explained observing that at k ≈ 1.59 −1 S 4b and S 4c anti-cross. A more clear representation of the anti-crossing is given in the inset of Fig.  10b , in which we show a magnification of the S 4b and S 4c states around theK point.
Conclusions
We presented a FR PAW LDA calculation of the electronic surface states of clean Os(0001). We described the nature and localization of the main surface states and resonances analyzing their charge density contour levels and planar averages.
We found a gap in the PBS aroundΓ similar to the L-gap typical of the (111) surfaces of the fcc lattice. Like in Ir(111) and at variance with Au(111) this gap does not host any surface state. We found Rashba split states close toΓ, located below the L-gap. They cross the Fermi level, are hybridized with bulk states, and show a downward energy dispersion, as in Ir(111). The dispersion has been fitted with two Rashba-split parabolas with parameters γ SO = (6.1 ± 0.1) × 10 −9 eV cm and m * /m = −0.280 ± 0.002. We found S 2 , S 3 , S 4 , S 6 , S 7 , S 10 , S 11 , and S 12 states present also in the other surfaces, although S 7 , S 11 , and S 12 differ somewhat from the states found in Ir(111). The states S 1a , S 1b , and S 9 are not found with the charge density threshold used to identify the surface states in this work, but can be seen lowering this threshold. The S 3 states and the S 8 Dirac-like states, studied in Ref. [8] , instead have not been found. We found also a new group of states, that we named S 13 , that appeared in the relaxed structure.
Moreover we analyzed the magnetization density of some selected surface states and computed their spin polarization. We studied the spin polarization as a function of k for some surface states alongT andT , where it can rotate in a plane perpendicular to the high symmetry line. It can vary from being smooth and slowly-varying to more complex with rapid rotations, which we attributed to the mixing of the states.
The present work has been developed within the DFT-LDA scheme. The KohnSham eigenvalues are distinct from the quasi-particle energies, so in principle many-body corrections might be necessary for a detailed comparison with experiment. Yet, these calculations are more computationally demanding and are usually carried out only in those cases in which LDA is not sufficient to explain the experimental results. In the other surfaces, the main features of the bands, such as the presence or absence of Lgap states, are well predicted by DFT-LDA, while the exact energy positions of the surface states might have small shifts. Unfortunately, to the best of our knowledge, no experimental measurement of the surface states is available for Os(0001), so we hope that our work could be of help for the experimental investigation of this surface and possibly, in case of discrepancies, can motivate other theoretical calculations.
